Background {#Sec1}
==========

As the proportion of elderly people in the global population rises, the incidence of knee osteoarthritis is increasing. Unicompartmental knee arthroplasty (UKA) is a treatment option for patients with osteoarthritis of the medial compartment. As surgical techniques and instruments have improved, this procedure has shown many advantages over more traditional techniques, such as less soft tissue injury, a smaller incision, minimal bone resection, preservation of normal knee kinematics, reduced hospital stay, and more rapid recovery \[[@CR1]-[@CR4]\]. In addition, it could be argued that it is reasonable to undertake a UKA if osteoarthritis is only present in one compartment. The mobile Oxford medial UKA (Oxford® Unicompartmental Knee, Biomet, Bridgend, UK) has been used successfully for more than three decades to treat anteromedial arthritis of the knee. The phase 3 implant was introduced in 1998 and has been widely adopted, with many reports of excellent outcomes \[[@CR5]-[@CR7]\].

A learning curve is defined as an improvement in performance over time or with increasing experience or training. The starting point of the curve in surgery indicates the baseline level of surgical skill, and the end point shows an assumed expertise level. The slope of the curve indicates the speed of learning, which may be influenced by surgeon-related factors and institutional factors, such as operating team experience, the size of the institution, caseload volume, and financial resources \[[@CR8],[@CR9]\]. Most surgeons performing joint replacements had a great deal of experience in total knee arthroplasty (TKA) before UKA procedure; however, the surgical principles, techniques, and management of UKA and TKA are different and UKA can be very challenging. Good clinical practice and the introduction of new orthopedic techniques mandate the need to determine the nature of the learning curve. The cumulative summation method (CUSUM) is a sequential analysis tool that was initially used in industrial settings for quality control purposes. It can be used to establish the learning curve for a surgical procedure and allows one to judge when an individual's performance has achieved a predefined level of competence. The aim of this study was to establish the learning curve of an experienced knee surgeon introducing minimally invasive Oxford phase 3 UKA into routine clinical practice using the CUSUM technique.

Methods {#Sec2}
=======

Approval of the study was obtained from the institutional review board. From January 2009 to March 2010, 50 consecutive UKA cases performed by senior author were included in the analysis, with no loss to follow-up.

The indication for UKA was anteromedial osteoarthritis with severe medial knee pain and radiographic evidence of osteoarthritis in the medial compartment. Other indications were an intact anterior cruciate ligament (ACL), varus deformity \<15°, flexion contracture \<15°, and an intact lateral compartment \[[@CR10]\]. The preoperative diagnosis was primary anteromedial osteoarthritis in all patients.

All patients were placed in the supine position on a standard operating table after spinal anesthesia had been administered. A tourniquet was applied to the proximal thigh on the operative side and inflated to 300 mm Hg. A medial parapatellar incision was used, and the patella was not everted. Non-anatomic bearings were used in all cases.

Clinical outcomes were evaluated by measuring the difference between the range of knee motion (ROM) and Hospital for Special Surgery (HSS) knee score before surgery and at final follow-up. Weight-bearing anteroposterior and lateral radiographs of the knee were obtained, as well as a long hip-to-ankle film to assess the femorotibial angle and implant position. Loosening of the tibial or femoral components was identified by an area of radiolucency \>2 mm around the components. Overrotation of the component was diagnosed if the alignment angle exceeded 10°. Each evaluation was made twice by two independent observers. The end point for survival was defined as revision for any reason. Patient-related information was collected using a standardized questionnaire administered before surgery and at follow-up.

Statistical analysis {#Sec3}
--------------------

All data were analyzed using SPSS version 17.0 (SPSS Inc., Chicago, IL, USA). Data are reported as the mean with the standard deviation. The chi-squared test and Student's *t* test were used to determine whether there were statistically significant differences between the groups. A *p* value \< 0.05 was considered statistically significant \[[@CR11]\].

CUSUM analysis {#Sec4}
--------------

For CUSUM analysis, four parameters are defined: the acceptable failure rate (*p*0), the unacceptable failure rate (*p*1), the type I error rate (*α*), and the type II error rate (*β*). The equations shown in Table [1](#Tab1){ref-type="table"} are used to calculate the CUSUM score \[[@CR12]\]. On the basis of a literature review, we defined the acceptable UKA failure rate as 20% and the unacceptable failure rate as 40% \[[@CR2],[@CR13]\]. The probabilities of *α* and *β* were set at 0.05 and 0.20, respectively. Failure situations were defined as revision, reoperation, postoperative complications, and radiographic malposition. The results of CUSUM analysis are presented in a chart with case numbers plotted on the *x*-axis and the corresponding CUSUM score on the *y*-axis, which allows performance over consecutive procedures to be visualized. When a failure occurred, the constant '1 − *S*' was added to the cumulative score. When a success occurred, the variable '*s*' was subtracted from the cumulative score. Hence, success is rewarded by a downward slope whereas failure is represented by an upward slope on the chart. If the line crosses the upper decision limit (h1) from below, this indicates that the actual failure rate is equal to the unacceptable failure rate with a type I error. If the line crosses the lower decision limit (h0) from above, this indicates that the actual failure rate does not differ from the acceptable failure rate with a type II error probability of 0.20. When the line is between h1 and h0, no statistical inference can be made.Table 1**CUSUM equations and variablesVariableValue***p*0---acceptable UKA failure rate0.20*p*1---unacceptable UKA failure rate0.40*α*---probability of the type I error0.05*β*---probability of the type II error0.20*P* = ln (*p*1/*p*0)0.69*Q* = ln \[(1 − *p*0)/(1 − *p*1)\]0.29*s* = *Q*/(*P* + *Q*)0.291 − *S*0.71*a* = ln \[(1 − *β*) / *α*\]2.77*b* = ln \[(1 − *α*) / β\]1.56*h*0 = −*b* / (*P* + *Q*)−1.59*h*1 = *a* / (*P* + *Q*)2.83

Results {#Sec5}
=======

One patient in group A died from lung cancer 34 months after surgery, but there were no symptoms or clinical signs of implant failure or radiographic signs of loosening at the last follow-up. The mean follow-up was 50.9 ± 4.9 months (range 45--60 months) after the final assessment in December 2013. The mean age on the day of surgery was 64.4 ± 8.5 years. Twenty-seven UKAs were performed on the right knee and 23 on the left; 16 patients were male and 34 female. There were no significant differences in any of the clinical characteristics of the patients in each group.

The mean duration of surgery decreased with the number of cumulative cases, from 85.0 ± 15.7 min in group A to 64.4 ± 13.9 min in group B (*p* \< 0.05). Perioperative blood loss was also lower in group B (185.0 ± 69.2 ml compared with 226.2 ± 74.8 ml in group A; *p* \< 0.05). The mean incision length was 9.7 ± 1.3 cm in group A compared with 8.5 ± 1.1 cm in group B (*p* = 0.001). In all patients, passive full flexion of the knee and painless active full flexion was possible within 7 postoperative days and 3 postoperative months, respectively. The mean preoperative ROM was 125.0° ± 9.1°, which improved to a mean of 126.6° ± 8.0° at final follow-up, although this difference was not statistically significant (*p* = 0.349). The mean HSS score increased from 59.5 ± 8.9 to 88.3 ± 9.3 at the time of final follow-up (*p* = 0.000). Postoperative HSS scores were significantly higher in group B (92.4 ± 4.5 compared with 84.3 ± 11.1 in group A, *p* = 0.002; Table [2](#Tab2){ref-type="table"}).Table 2**UKA DemographicsA (** ***N***  **= 25)B (** ***N***  **= 25)*p*** **value**Age (years)62.8 ± 9.466.1 ± 7.20.168Sex (male/female)9:167:180.544Side (right/left)12:1315:100.395BMI (kg/m^2^)24.9 ± 1.323.8 ± 4.10.316Duration of surgery (min)85.0 ± 15.764.4 ± 13.90.000Length of incision (cm)9.7 ± 1.38.5 ± 1.10.001Blood loss (ml)226.2 ± 74.8185.0 ± 69.20.049Preoperative HSS score57.8 ± 8.561.2 ± 9.10.189Preoperative range of motion126.3 ± 7.6123.7 ± 10.30.306Postoperative HSS score84.3 ± 11.192.4 ± 4.50.002Postoperative range of motion125.0 ± 9.0128.2 ± 6.70.160

The CUSUM learning curve is shown in Figure [1](#Fig1){ref-type="fig"} and Table [3](#Tab3){ref-type="table"}. Failures were identified in nine patients (18%). There was a trend toward a higher failure rate during the first 25 cases, although this did not achieve statistical significance (28% in group A compared with 8% in group B; *p* = 0.138). Three of the 50 prostheses (6%) included in the analysis had been revised before final follow-up; with the end point of revision for any reason, the survival rate was 94%. In group A, one UKA was revised to a TKA as a consequence of aseptic loosening of the tibial component 3.5 years after surgery and one was revised to a TKA due to infection 1 year after surgery. In group B, one UKA was revised to a TKA after 4 years as a result of a lateral tibial plateau fracture sustained in a major trauma. There had been no clinical symptoms of implant failure or radiographic signs of loosening before the accident. Bearing dislocation occurred in two cases 1.5 and 2 years after surgery because of laxity after hyperflexion trauma; the bearings were replaced by thicker ones. No recurrences of luxation were seen at follow-up. One diagnosis of lateral compartment osteoarthritis was made in group A (Figures [2](#Fig2){ref-type="fig"}, [3](#Fig3){ref-type="fig"}, [4](#Fig4){ref-type="fig"}). Two patients in each group reported continuing unexplained pains. There were no serious adverse events, such as pulmonary embolism, deep venous thrombosis, or iatrogenic neurovascular injury. According to the guidelines proposed by the Oxford group \[[@CR14]\], postoperative radiographic assessments showed that one of the components in group A was not in an acceptable position.Figure 1**CUSUM learning curve.** Point A (case 16) corresponds to the main inflection point at which the failure rate begins to keep consistent. At point B (case 29), the line crosses the lower decision limit and the failure rate is equal to the defined acceptable failure rate (20%). The failure rate did not reach the unacceptable threshold (h1) at any time.Table 3**CUSUM chart calculationsCaseSexAge (year)CUSUM scoreFailure model**1M60−0.292F57−0.593F550.12Unexplained pain4M76−0.175F490.53Revision for infection6M520.247F500.95Revision for aseptic loosening8F670.659F711.36Malposition10F521.0711M750.7712F560.4813F540.1914F610.89Bearing dislocation15F611.60Lateral compartment degeneration16F542.31Bearing dislocation17M742.0118M701.7219F721.4320M731.1321F690.8422M700.5523F700.2524M57−0.0425F79−0.3326F65−0.6327F75−0.9228F72−1.2129M61−1.5130M59−1.8031F61−2.0932M64−2.3933M64−2.6834F57−2.9735F76−3.2736F82−3.5637F67−3.8538F62−4.1539F71−4.4440F56−4.7341M57−4.03Fracture42F70−4.3243M62−4.6144F55−3.91Unexplained pain45F78−4.2046F58−4.4947F73−4.7948F61−5.0849F70−5.3750M61−5.67Figure 2**Anteroposterior X-ray of postoperative UKA infection.**Figure 3**Posterior dislocation of the bearing.**Figure 4**Lateral compartment degeneration with valgus malalignment status after UKA.**

The CUSUM learning curve chart (Figure [1](#Fig1){ref-type="fig"}) shows that case 16 corresponds to the main inflection point (point A) at which the failure rate became consistent. At point B (case 29), the line crosses the lower decision limit and the failure rate is equal to the defined acceptable failure rate (20%). The failure rate did not reach the unacceptable threshold (h1) at any time.

Discussion {#Sec6}
==========

Unicompartmental arthroplasty is a well-recognized treatment option for unicompartmental osteoarthritis of the knee. The Oxford unicompartmental knee has a mobile bearing with full congruency, minimizing polyethylene wear, and there are many reports of excellent postoperative outcomes \[[@CR2],[@CR3],[@CR15]-[@CR17]\]. Svard and Price reported a 95% cumulative survival rate over 10 years \[[@CR4]\]. Pandit et al. reported the outcomes of 1,000 phase 3 Oxford medial UKAs using a minimally invasive surgical approach by two surgeons. Using revision as the end point, the 10-year survival rate was 99.8% \[[@CR18]\]. In 2011, Price et al. reported the second decade data of the Oxford UKA, having previously reported longitudinal data from 1, 6, and 10 postoperative years \[[@CR15],[@CR19],[@CR20]\]. In the most recent study, postoperative function and HSS score had still significantly improved from baseline. These findings suggest that the Oxford UKA is a reliable treatment option for anteromedial osteoarthritis of the knee.

Despite these apparent advantages, other investigators have reported less favorable long-term results or early failures that have required revision or reoperation \[[@CR21]-[@CR24]\]. The minimally invasive medial Oxford UKA is undoubtedly a demanding procedure, and many early failures are often due to technical errors \[[@CR25]\]. Kort and colleagues \[[@CR5]\] assessed 130 patients with minimally invasive Oxford phase 3 UKAs over a follow-up period of 2--7 years and reported an overall survival rate of 89%. Of 17 failures, they attributed 13 to human error, confirming that surgical expertise influences mid-term results and thereby long-term outcomes. Similarly, Kuipers and colleagues \[[@CR26]\] reported that the cumulative survival rate of a cohort of 437 Oxford phase 3 implants was 84.7% at 5 years and that 101 of these were at risk. Each surgeon in the study performed an average of eight UKAs per year. In 2001, Robertson reported that centers that performed fewer than 23 UKAs annually had a revision risk 1.63 times higher than centers with higher volumes of casework \[[@CR27]\]. Surgical experience therefore appears to be a critical determinant of outcome. These results also underline the existence of a learning curve for UKA and that minimally invasive Oxford phase 3 UKA is a demanding procedure that nonetheless has the potential to achieve satisfying surgical outcomes.

In our study, the five patients who required reoperations were all young: their ages at operation were 49, 50, 54, 57, and 61 years. Young patients are more likely to be physically active after surgery, which may be a risk factor for failure \[[@CR26],[@CR28]\]. The patient in group B who was not satisfied with her outcome was of perimenopausal age, and it is possible that patients with endocrine-sensitive disease might not achieve such favorable surgical outcomes. It is very important that patients have realistic expectations about the extent of pain relief, the amount of physical activity permitted after surgery, and the likely duration of recovery following UKA in order to achieve high satisfaction rates.

As with the slope of the learning curve, the duration of surgery, blood loss, and length of incision gradually improved with the cumulative number of procedures. Nonetheless, we experienced many challenges due to the complexity of surgery. In summary, we found that it is essential (but may be difficult) to equalize the 90° and 20° flexion gaps. The principles of correct alignment and joint stability that are so important for TKA are likely to be at the forefront of the surgeon's mind. To achieve stability, we elected to create a small tight extension gap in the early cases, which likely accounts for the one case of overcorrection in group A. Overcorrection of the tibiofemoral deformity can lead to failure because of degenerative change in the contralateral compartment \[[@CR29]\]. Concern about this potential complication meant that we changed our practice so that a small but loose extension gap was acceptable. Undercorrection with a smaller bearing can cause bearing dislocation and increase the load to the medial compartment, which may accelerate polyethylene wear \[[@CR25]\]. In our early cases, two bearing dislocations were encountered because of laxity, which might have been due to incomplete gap balancing between flexion and extension. In our cases of bearing dislocation, the bearings were replaced by new thicker ones. Although no recurrences of luxation occurred, osteoarthritis may progress in the lateral compartment in the future due to overcorrection of the alignment. A longer-term study is needed to examine this issue.

One essential surgical objective is accurate positioning of the components according to the guidelines proposed by the Oxford group \[[@CR14]\]. There are many factors that must be assessed on the postoperative radiographs. The tibial component should be positioned just medial to the apex of the medial spine and should extend to the medial margin of the tibia or overhang by up to 2 mm. It should also reach the posterior cortex of the tibia. The bearing should be a few millimeters away from the vertical wall. Malalignment of the femoral component of up to 10° and of the tibial component of up to 5° is considered acceptable. In the earlier cases, we found the vertical bone cut in the tibial plateau challenging. The Oxford group's guidelines state that the blade should point to the head of the femur; however, we found it difficult to locate the position of the head of the femur accurately. Consequently, postoperative radiographs taken to assess implant positioning showed that one implant was not within the recommended limits for positioning criteria. We modified our technique and used the intramedullary rod as a guide. The axis of the blade lay 7° medial to the intramedullary rod when viewed from above (Figures [5](#Fig5){ref-type="fig"} and [6](#Fig6){ref-type="fig"}). With this technique, the number of malposition was reduced.Figure 5**The intramedullary rod was used for a guide.**Figure 6**The axis of blade lies 7° medial to the intramedullary rod when viewed from above.**

Our study has some limitations. First, by virtue of this type of study, the follow-up time of group B was shorter than that of group A, which may have influenced our ability to detect some longer-term complications. Second, we examined the outcomes of a single experienced knee surgeon, so our findings may not be representative of surgeons with other levels of expertise. Third, the follow-up time was relatively short, and a longer-term study is needed to confirm our results.

Conclusions {#Sec7}
===========

Minimally invasive Oxford phase 3 UKA for medial unicompartmental knee osteoarthritis is a demanding procedure but only needs a short learning curve to achieve satisfactory surgical outcomes in the hands of an experienced knee surgeon. The mean duration of surgery, incision length, blood loss, and the incidence of postoperative complications decline with experience. Based on our CUSUM analysis, 25 cases are required before a consistently low failure rate is achieved for minimally invasive Oxford phase 3 UKA.
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